Despite the fact that phyllosilicates are ubiquitous in mature fault and shear zones, little is known about the strength of phyllosilicate-bearing fault rocks under brittle-ductile transitional conditions where cataclasis and solution transfer processes are active. In this study, we explored steady state strength behaviour of a simulated fault rock, consisting of muscovite and halite, using brine as a pore fluid. Samples were deformed in a rotary shear apparatus under conditions where cataclasis and solution transfer are known to dominate the deformation behaviour of the halite. It was found that the steady state strength of these mixtures is dependent on normal stress and sliding velocity. At low velocities (<0.5 μm/s), the strength increases with velocity and normal stress, and a strong foliation develops. Comparison with previous microphysical models shows that this is a result of the serial operation of pressure solution in the halite grains accommodating frictional sliding over the phyllosilicate foliation. At high velocities (>1 μm/s), velocity-weakening frictional behaviour occurs along with the development of a structureless cataclastic microstructure. Revision of previous models for the low velocity behaviour results in a physically realistic description that fits our data well. This is extended to include the possibility of plastic flow in the phyllosilicates and applied to predict steady state strength profiles for continental fault zones containing foliated quartz-mica fault rocks. The results predict a significant reduction of strength at mid-crustal depths and may have important implications for crustal dynamics and seismogenesis.
Introduction
Classical models for the steady state strength of the crust consist of a twomechanism brittle-ductile strength profile, based on Byerlee's Law plus a dislocation creep law for quartz (e.g. Sibson, 1977; Schmid and Handy, 1991; Scholz, 2002) . However, grain size sensitive processes, such as pressure solution, and the production of weak phyllosilicates known to be important under mid-crustal, brittle-ductile transitional conditions (e.g. Rutter and Mainprice, 1979; Passchier and Trouw, 1996; Imber et al., 1997; Holdsworth et al., 2001) are neglected, as are the effects of phyllosilicate foliation development. Such processes have long been anticipated to lead to some form of hybrid frictional-viscous rheological behaviour in the brittle-ductile transition (Sibson, 1977; Rutter and Mainprice, 1979; Lehner and Bataille, 1984/85; Schmid and Handy, 1991; Wintsch et al., 1995; Handy et al., 1999) . The steady-state stress levels at which mid-crustal fault rocks deform may, therefore, be much lower than those predicted using a classical two-mechanism Bos et al. 2000b) strength profile (see Figure 1 and Sibson, 1977; Byerlee, 1978; Schmid and Handy, 1991; Scholz, 2002) . Moreover, phyllosilicate foliation development and processes such as pressure solution can be expected to play an important role in controlling transient healing, cementation and strength recovery of fault rocks, thus influencing the rate and state dependent frictional and seismogenic behaviour (Fredrich and Evans, 1992; Beeler et al., 1994; Karner et al., 1997; Bos and Spiers, 2000; Beeler et al., 2001; Bos and Spiers, 2002a; Saffer and Marone, 2003) .
Numerous authors have considered the possible weakening effects of phyllosilicates, foliation development, pressure solution and cataclasis within faults and shear zones in the brittle-ductile transition, using both theoretical and experimental approaches (Rutter and Mainprice, 1979; Lehner and Bataille, 1984/85; Logan and Rauenzahn, 1987; Kronenberg et al., 1990; Shea and Kronenberg, 1992; Mares and Kronenberg, 1993; Shea and Kronenberg, 1993; Chester, 1995; Blanpied et al., 1998; Gueydan et al., 2001; Gueydan et al., 2003; Jefferies et al., 2006, in press ). Such studies have produced a consensus that fault rocks containing a contiguous and well-developed phyllosilicate (mica) foliation can potentially be as weak as the frictional strength of the phyllosilicate, at high crustal levels (Logan and Rauenzahn, 1987; Shea and Kronenberg, 1992) , or as weak as the crystal plastic flow strength of the phyllosilicate basal plane, at deeper levels (Hickman et al., 1995; Wintsch et al., 1995) . However, the time and technical limitations of experiments on silicate fault rocks (e.g. Blanpied et al., 1991; Chester and Higgs, 1992; Chester, 1994; Blanpied et al., 1995; Kanagawa et al., 2000) have precluded systematic studies of large strain sliding behaviour, with associated foliation development, under hydrothermal, brittle-ductile conditions where the relevant processes are active. Large strain, steady state rheological laws for faults incorporating the effects of cataclasis, pressure solution and foliation development in the brittle-ductile transition are therefore not available.
Recently, Bos and co workers (Bos et al., 2000a, b; Bos and Spiers, 2001 ) performed ultra high strain rotary shear experiments on simulated fault gouges consisting of mixtures of halite (rock salt) and kaolinite. The experiments were done under room temperature conditions where pressure solution and cataclasis are known to dominate over dislocation creep in the halite, thus modelling the brittle-ductile transition. In wet samples with >10 wt% clay brittle failure was followed by strain weakening towards a steady state shear strength that was dependent on both sliding rate and normal stress (frictional-viscous flow). Strongly foliated microstructures were produced in these experiments, closely resembling natural mylonite or phyllonite microstructures, without the operation of dislocation creep. Bos and Spiers (2002b) developed a microphysical model to explain the observed steady state behaviour, based on the steady-state microstructure and corresponding mechanical analogue diagram of Figure 4 .2. In this model, the shear strength of the gouge is determined by the combined resistance to shear offered by frictional sliding on the phyllosilicate foliae, pressure solution in the halite and dilatation on the foliation (work against the normal stress). The model accordingly predicts three velocity regimes, namely 1) a low-velocity regime, where pressure solution is so easy that the strength of the gouge is determined by sliding friction on the foliation, 2) an intermediate velocity regime, where the strength of the gouge is determined by accommodation through pressure solution, and 3) a high velocity regime, where pressure solution is too slow to accommodate geometric incompatibilities, so that dilatation occurs. Bos and Spiers (2002b) reported good agreement between their experimental data and model and went on to apply the model to predict crustal strength profiles for quartz-mica fault rocks. These showed a major weakening (2-5 times) of crustal fault zones around the brittle-ductile transition (5-15 km, see Bos and Spiers, 2002b) , in qualitative agreement with inferences drawn from numerous geological and geophysical studies (Lachenbruch and Sass, 1980; Schwarz and Stöckhert, 1996; Imber et al., 1997; Stewart et al., 2000; Zoback, 2000; Townend and Zoback, 2001) . Bos and Spiers (2002b) , showing contiguous, anastomosing network of phyllosilicates surrounding elongate grains of a soluble solid. The shear strength of the gouge is determined by the combined resistance to shear offered by frictional sliding on the phyllosilicate foliae, pressure solution in the halite and dilatation on the foliation (work done against the normal stress). b) Schematic drawing of representative grain element of matrix, showing an active sliding surface in black. Shear sense is right-lateral. The diffusive mass flux from source to sink regions is indicated by a dashed arrow. The foliation waves have amplitude h, the grains have long axis d. The leading edge of the grain is inclined at angle α to the horizontal (Figure from Bos and Spiers, 2002b) . c) Mechanical analogue diagram for shear deformation of the model microstructure, assuming zero porosity.τ gb is the shear stress contribution offered by frictional sliding on the phyllosilicate foliae (regime 1), τ ps is the shear stress contribution offered by pressure solution of the soluble solid (regime 2), τ dil is the shear contribution offered by dilatation on the foliation (work against the normal stress, regime 3) and σ n is the normal stress on the gouge. However, there are several aspects of the Bos-Spiers model that have not been tested or are not physically realistic. First, the model is based on experiments in which the phyllosilicate phase (ultrafine kaolinite) was unrealistically fine in relation to the halite grains and to natural fault rock microstructures (e.g Imber et al., 1997; Jefferies et al., 2006, in press) . Second, the model has not been tested in the low velocity regime (Regime 1), nor adequately at high velocities (Regime 3) where it must eventually break down due to fault rock failure. Third, the model employs an unnecessary and physically unrealistic approximation to couple the mechanical effects of pressure solution and dilatation, and deals only with a single-valued grain size. Finally, the model is restricted to frictional behaviour of the phyllosilicate foliae, whereas under the conditions of the brittle-ductile transition, phyllosilicates may more easily deform by dislocation creep processes (see Kronenberg et al., 1990; Shea and Kronenberg, 1992; Mares and Kronenberg, 1993; Shea and Kronenberg, 1993) .
In this chapter, we present experimental results on synthetic halite-muscovite mixtures, obtained using a more realistic phyllosilicate grain size (d med = ~13 μm). We explore a wider range of sliding velocities (0.001 μm/s-13 μm/s) than Bos and Spiers (2002b) accessing both low and high velocity regimes and thus testing their model across regimes 1-3. In addition, we re-formulate the Bos-Spiers model to incorporate proper mechanical coupling of viscous (pressure solution) and frictional (dilatation) processes and to allow for crystal plastic flow in the phyllosilicates. We also consider the effects of a distributed grain size. Finally, we extrapolate our improved model to natural conditions to construct crustal strength profiles and we consider their implications for mature crustal fault zones.
Experimental method

Apparatus
The present experiments were conducted at room temperature on simulated (NaCl-Muscovite) fault gouge using the rotary shear apparatus, previously described in detail by Bos et al (2000a Bos et al ( , 2000b with the annular sample assembly shown in Figure 4 .3a. This assembly consists of two, toothed, stainless steel rings (teeth height is ~0.1 mm) , sandwiching a layer of synthetic halite-muscovite gouge. When located in the shear apparatus the rings are rigidly gripped between two cylindrical forcing blocks. The lower forcing block is rotated at controlled angular velocity by a servo-controlled drive motor plus gearbox, while the upper block is maintained stationary, thus leading to shear on the synthetic fault. Sliding velocity is controlled to within 0.001 μm/s. Normal stress is applied and servo-controlled to within 0.01 MPa using an Instron 1362 loading frame and measured using a 100 kN Instron load cell. Shear stress on the fault is measured with a resolution of ~ 10 kPa, using a torque gauge which provides the couple necessary to hold the upper forcing block stationary. Displacement normal to the fault surface (i.e. gouge compaction/dilatation) is measured using a Linear Variable Differential Transformer (LVDT, 1 mm full scale, 0.01 % resolution) located inside the upper forcing block. Rotary displacement is measured using a potentiometer geared to the rotation of the lower forcing block. The synthetic fault assembly is sealed using a plastic inner ring and a stainless steel outer ring, both fitted with O-rings (see Figure 4 .3b). Pore fluid is introduced through the outer sealing ring. All experiments were conducted at room temperature and atmospheric pore fluid pressure (drained conditions). 
Sample Material
Synthetic fault gouge material was prepared by mixing analytical grade granular halite with fine-grained muscovite in the appropriate proportions (0 wt%, 10 wt%, 20 wt%, 30wt%, 50 wt%, 80 wt% and 100 wt% muscovite, see Table 4 .1). Particle size analysis, performed using a Malvern particle sizer showed that the halite had a median grain size of 104 μm, with 90% of the grains in the range 60-110 μm. The muscovite was a commercially available natural muscovite mined in Aspang, Austria, and was supplied by Internatio B.V. The median grain size of this material was 13 μm (equivalent spherical diameter), with 90% of the grains in the range 3-50 μm. Sodium chloride solution (brine), saturated with respect to the halite, was used as the pore fluid, except for one control experiment in which silicone oil was used. List of experiments performed plus corresponding experimental conditions. Note that σ n is the normal stress on the fault and v is the applied sliding velocity. n.d.
: not determined * : total shear displacement after the dry run-in stage
Testing Procedure
Samples were prepared for testing by sandwiching a quantity of uniformly distributed gouge (usually ~ 8 g) between the two stainless steel wall rock rings shown in Figure 4 .3, with the two sealing rings in place. This yielded a starting gouge thickness of ~1.5-2.0 mm. The sample assembly was then located in the rotary shear machine and subjected to a fixed normal stress of 1 MPa under "room dry" conditions for 10 minutes, by which point all compaction had ceased. Most samples were dry-sheared to a displacement of ~50 mm at a sliding velocity of 1 μm/s and a normal stress of 5 MPa, to produce a wellcontrolled microstructure for the wet stage of the experiments. The samples were then unloaded and the thickness of the gouge was determined. The assemblies were then connected to the pore fluid system, evacuated and saturated with the appropriate pore fluid. They were then reloaded to the prescribed normal stress (σ n ) and sheared at a chosen constant sliding velocity (v). Both normal stress and velocity stepping techniques were used to obtain the shear stress as a function of σ n and v for individual samples (i.e. fixed micacontent), after achieving steady state sliding behaviour. The experiments were terminated by halting the rotary drive motor and unloading the sample. The pore fluid system was then disconnected from the sample assembly and residual brine was flushed out using dry hexane. Finally, the thickness of the sample assembly was re-measured, the sealing rings were removed and the gouge was carefully detached from the stainless steel rings. After macroscopic inspection, the samples were dried, impregnated with blue-stained epoxy resin and sections were cut for optical microscopy study.
In this way, the sliding behaviour of the synthetic halite-muscovite gouge was systematically investigated, varying normal stresses in the range 1-9 MPa, sliding velocities in the range 0.001-13 μm/s and muscovite-content in the range 0-100 wt%. We also performed a number of experiments at constant sliding velocity and constant normal stress to isolate the influence of displacement on sliding behaviour. Note that the dry shearing stage was omitted from a total of eight experiments to be able to directly compare the results with data obtained by Bos et al (2000a) ; this has little influence on the results for steady state strengths. All experiments and corresponding experimental conditions are listed in Table 4 .1.
Results
Dry run-in stage
Shear stress and compaction versus displacement curves for the dry run-in stage of samples spanning the full range of muscovite content investigated (0-100 wt%, Mus1, 2, 4, 15, 20, 21 and 22) are presented in Figures 4.4a and 4.4b . Recall that all dry shearing was performed at a sliding velocity of 1 μm/s and a normal stress of 5 MPa. The pure muscovite sample and the 80 wt% muscovite sample (Mus1 and 21) showed initial quasi-elastic loading followed by "yield" and then stable sliding with gradual slip hardening. At ~60 mm of displacement the strength of the pure muscovite gouge reached a steady value of ~2.3 MPa. The sample with 80 wt% muscovite (Mus21) is slightly stronger, reaching a steady value of ~2.6 MPa at ~50 mm of displacement.
Salt-mica samples with less than 80 wt% muscovite showed an initial quasi-elastic stress increase, followed at ~2-3 mm displacement by a peak strength and then marked slip weakening up to 15-35 mm displacement (see Mus2, 4, 15 and 22, Figure 4.4a) . Beyond ~15-35 mm of displacement a transition from stable sliding to stick-slip behaviour occurred. No systematic correlation was found between the amount of muscovite and the displacement at which the transition to stick-slip behaviour occurred, although the sample with 50 wt% muscovite (Mus22) showed stable sliding up to 35 mm of displacement. Beyond ~35 mm displacement, the peak strength of salt-mica samples with less than 80 wt% muscovite lay in the range 2-2.6 MPa. In contrast to these halite-mica samples, the single pure salt sample tested (Mus20), showed only a minor stress drop after initial loading, followed by slip hardening beyond ~3 mm displacement to result in a final shear stress of ~ 4.6 MPa at 50 mm displacement. All samples showed strong initial compaction normal to the fault in the first 5-10 mm of dry displacement, except for some minor dilatation just before the peak stress was reached. Beyond ~5-10 mm of displacement, compaction proceeded at a lower but still significant rate. The muscovite-rich samples exhibited particularly large compaction up to ~ 50 mm of displacement. The pure salt control sample showed continuous compaction, except for a strong dilatation event at ~ 3 mm displacement, just prior to the peak shear strength.
Wet stage: Stress-displacement behaviour
In Figures 4.5a and 4.5b, typical shear stress and compaction versus displacement curves are presented for halite-muscovite samples deformed wet at fixed sliding velocity and normal stress. The samples depicted all contained 20 wt% muscovite (Mus5, 6, 7, 8 and 23) . Samples deformed at low velocities (< 1 μm/s) show smooth yielding behaviour followed by stable steady state sliding. Samples deformed at sliding velocities of 1 μm/s and above consistently show an initial stress peak followed by rapid weakening. After displacements of ~10 mm steady state sliding was achieved, except at the highest sliding velocity investigated (13 μm/s), where stick-slip behaviour was obtained beyond ~4 mm of displacement. The peak stress of such stick-slip events remained roughly constant, but the amplitude of the cycles increased (i.e. the minimum stress decreased). All samples compacted rapidly during loading to the peak stress or smooth yield point (Figure 4 .5b), beyond which compaction continued in a steady fashion. Samples showing a peak stress followed by slip weakening generally displayed minor dilatation just prior to the stress peak. Total compaction was highest in the slowest experiments.
Wet stage: Effect of normal stress
In Figure 4 .6a, we show representative mechanical data obtained from one of the four normal stress stepping experiments (Mus10) performed under wet conditions on samples with fixed mica-content (20 wt%). All such experiments showed significant slip weakening in the first 5-10 mm of displacement after the initial peak stress, then reaching a Figure 4 .5: Shear stress and volume change versus displacement data for samples containing 20 wt% muscovite deformed at fixed sliding velocity and normal stress (Mus5, Mus6, Mus7, Mus8, Mus24) . a) Shear stress versus displacement curves b) Compaction versus displacement curves steady state strength. Subsequent downward (or upward) normal stress stepping led to an immediate decrease (or increase) in shear stress and to transient dilatation (or increased compaction) of the samples. Typical shear stress vs. normal stress data obtained for samples containing 20 wt% muscovite, at fixed sliding velocities of 0.03, 1, 5 and 10 μm/s (Mus9, 10, 11 and 25) are presented in Figure 4 .6b. For comparison, similar data are added for pure halite and pure muscovite samples sheared at 1 μm/s (Hal1 and Mus1, respectively). We plot only data obtained for stable, steady state sliding. Note that each sample shows a linear relation between shear stress and normal stress, which can be accurately described by a Coulomb-type criterion written
where μ ss is a steady state friction coefficient and C is the cohesion (in MPa). The friction coefficient and cohesion values obtained are given in Table 2 . Note from Figure 4 .6b that the pure halite sample (Hal1) shows the highest strength with a coefficient of friction of ~0.8 (Table 4 .2), while the pure muscovite sample is the weakest, with a coefficient of friction of ~0.3 (Table 4 .2). The samples containing 20 wt% muscovite show intermediate strength. Note also that the friction coefficient of the 20% muscovite-halite mixture decreases with increasing sliding velocity for velocities from 1 μm/s (refer Figure 4 .6b and Table 4 .2). 
Wet stage: Effect of sliding velocity
We present data from a typical velocity-stepping experiment (Mus2) in Figure 4 .7a. Upon a change in sliding velocity, an instantaneous effect on the strength was observed, in all such experiments, followed by a gradual approach to a new steady state strength (cf. conventional rate-and state-dependent friction experiments - (Dieterich, 1979; Ruina, 1983; Marone, 1998; Scholz, 1998) . A representative set of data on steady state shear strength versus sliding velocity obtained in our experiments is presented in Figure 4 .7b. These data again show that the pure halite and pure muscovite gouges are the strongest and weakest materials tested, with mixed compositions being intermediate in strength. Moreover, the steady state shear strengths of pure halite and pure muscovite gouge are more or less velocity independent. However, mixed muscovite-halite gouges show clear rate effects. For samples containing 10-80 wt% muscovite, two types of behaviour can tentatively be identified. At sliding velocities below ~ 1 μm/s, the steady state shear strength increases with sliding velocity, i.e. the samples are velocity-strengthening. At higher velocities, the samples become weaker with increasing velocity, i.e. the samples are velocity-weakening. 
Wet stage: Effect of muscovite-content
The effect of muscovite content on steady state shear stress is plotted in Figure 4 .8, by combining shear stress data obtained from different samples at fixed sliding velocities and at a fixed normal stress of 5 MPa. The curves for samples deformed at low and high velocities show a systematic decrease of steady state shear stress supported with increasing muscovite-content, notably up to a muscovite-content of 30 wt%. Above 30 wt% muscovite, the steady state shear strength of the mixed samples is similar to that of the pure muscovite (see also 
Microstructural Observations
The microstructure developed in the dry run-in stage of our experiments was investigated using the sample obtained from experiment Mus24 (20 wt% muscovite), which was terminated directly after the dry run-in. Its microstructure is illustrated in Figures 4.9a and b. The gouge shows numerous halite clasts (30 vol%) which are little affected by the deformation, as evidenced by their resemblance to the starting halite grains, and by the absence of intragranular fractures. These are embedded in a fine-grained mixture of halite and muscovite. The halite grains in the matrix are around 10 μm in size and therefore significantly finer than the starting grain size fraction (60-110 μm). The muscovite grains appear little affected by deformation and their size is similar to the starting grain size fraction. Some regions of the gouge (~20 vol.%, especially near the edges of the gouge) are relatively enriched in muscovite and contain fewer halite clasts than other regions. In plane polarized light (Figure 4 .9a), the dry sheared gouge appears structureless with no clear foliation. However, with crossed polarizers the muscovite flakes are seen to define a weak, anastomosing foliation orientated at ~30 ° to the fault zone boundaries ( Figure 4 .10a) shows a strongly foliated microstructure with only a few (~10 vol%) asymmetric sigmoidal halite clasts and has the general appearance of an S-C mylonite. The fine-grained matrix consists of an intercalation of muscovite (~10 μm) and halite grains (~15-30 μm, see Figure 4 .11a), in which the muscovite flakes together with elongated halite grains define the main foliation at an angle of ~25 ° to the shear zone boundary. With increasing velocity (i.e. going from Figure 4 .10a to d), the number and volumetric fraction of halite clasts increases and the gouge becomes less well foliated and more chaotic. The shape of the halite clasts progressively changes from sigmoidal forms at 0.03 and 0.1 μm/s (Figure 4.10a, b) to grains with a much more blocky and angular appearance at velocities of 5 and 13 μm/s. Indeed, the microstructure evolves from one with a foliated mylonitic character at low sliding velocities ( ≤ 0.1 μm/s) to an almost structureless cataclastic microstructure at high velocities ( ≥ 5 μm/s). The sample deformed at the highest sliding velocity (Mus8, Figure 4 .10d)) shows almost no foliation but is characterized by angular halite clasts embedded in a fine-grained structureless matrix. The matrix consists of a poorly sorted mixture of fine halite with muscovite flakes coating all grain boundaries (Figure 4.11b) .
For samples Mus5 and Mus23 (constant sliding velocity tests) we determined halite grain sizes using manual tracings and image analysis. It was found that the halite grain size was more or less log-normally distributed in these samples with an average grain size of 20 μm and a relative standard deviation of 0.8. 1 (b, Mus24) , 5 (c, Mus7) and 13 μm/s (d, Mus8) . Muscovite content is 20 wt%, normal stress is 5
MPa and total (wet) shear strain is ~25 (see also Table 1 ). Note progression from a mylonitic structure at low velocity to a cataclastic structure at high velocity. Shear sense as indicated.
V=5 μm/s V=13 μm/s 
Discussion
The aim of the present experiments was to test the microphysical model for steadystate frictional-viscous flow of foliated fault rock, developed by Bos and Spiers (2002b), for sliding velocities covering all behavioral regimes predicted by the model and for a realistic phyllosilicate grain size. In the following we compare our experimental data and microstructural observations with those of Bos and coworkers (2000a, 2000b, 2001, 2002b) and with the Bos-Spiers model. In subsequent sections, we go on to reformulate part of the model and extend it to account for effects of crystal plastic flow within the phyllosilicate foliation, in addition to the mechanisms of frictional slip, pressure solution and dilatation already incorporated. Finally, we apply the new model to predict steady state strength profiles in crustal faults and we examine the implications thereof.
Dry sliding behaviour
Samples deformed in the dry run-in stage of our experiments showed marked slip weakening after the initial peak strength (Figure 4.4a) , plus an overall tendency for decreasing strength with increasing muscovite content. Those with intermediate muscovite content (10-50 wt%) exhibited stick-slip behaviour after displacements of ~15 mm, but showed little effect of muscovite content on peak stick-slip strength.
This behaviour is closely similar to that reported by Bos et al (2000a) for halite plus kaolinite gouges, indicating that the phyllosilicate grain size and type does not strongly influence dry slip. Our microstructural observations (Figure 4 .9) demonstrate significant grain size reduction by cataclasis in the halite during the dry run-in stage plus the development of a weak foliation oblique to the shear plane. The stick-slip behaviour of intermediate muscovite-content (10-50 wt%) samples, for displacements beyond 15 mm displacement, corresponds to the presence of a through-going boundary-parallel shear (Yshear, cf. Mus24, Figure 4 .9). Localised slip on a Y-shear is often associated with onset of unstable (stick-slip) sliding (Chester and Logan, 1990; Bos et al., 2000b) , so we infer that slip on the boundary-parallel shear occurred after ~15 mm of displacement. The fact that the peak strength of the mixtures during stick-slip did not depend on the muscovite-content, was probably due to the fact that slip was localised on a muscovite-enriched boundary-parallel shear. Stable sliding prior to stick-slip behaviour may have involved more distributed deformation, presumably by cataclasis, grain size reduction and redistribution of material, leading to the formation of the observed foliation or anastomosing muscovite network. Despite the fact that most deformation in the dry run-in stage of samples with intermediate muscovite contents (10-50 wt%) was localised on a boundary parallel shear, the anastomosing network of muscovite flakes was therefore present at the start of the wet stage of the experiments.
Wet sliding behaviour
From the wet runs on pure halite and pure muscovite, and from the single test on material consisting of 20% muscovite with halite plus silicone oil, it is evident that the steady state shear strength of these samples show little or no dependence on sliding velocity (Figure 4.7b ). This suggests purely frictional behaviour as reported by Bos et al (2000a) for pure salt and pure kaolinite, with a coefficient of friction (μ = τ/σ n ) of ~0.8 for halite and 0.3 for muscovite (cf. 0.2 for kaolinite, Bos et al 2000a). In contrast, all salt-muscovite plus brine samples showed a pronounced velocity strengthening up to ~0.3 μm/s with a broad maximum in strength at velocities of ~0.3-1 μm/s and velocity weakening at higher velocities (Figure 4.7b) . In broad terms then, the data obtained for muscovite and halite samples show two regimes of behaviour: a low rate, velocity-strengthening regime, and a high rate, velocity-weakening regime. Note that across the entire range of velocities investigated, the steady state strength of most halite-muscovite samples is intermediate between that of pure halite and pure muscovite with a clear decrease in strength as muscovite content increases (Figures 4.7b and 4.8) .
Halite-muscovite samples deformed in the low rate, velocity strengthening regime show no slip weakening in the shear stress versus displacement curves (Figure 4.5a ). However, their steady state strength is strongly dependent on both normal stress (σ n ) and in a highly non-linear way on sliding velocity (see Figures 4.6b and 4.7b) . This "frictionalviscous" behaviour, and the strongly foliated mylonitic microstucture that develops in this regime, are closely similar to those found by Bos et al (2000a) in halite-kaolinite gouge at similar velocities and normal stresses (Figure 4.12) . Such behaviour does not occur in our pure, wet halite or pure, wet muscovite samples, nor in the oil-flooded sample in which pressure solution is not possible. The observed frictional-viscous behaviour therefore seems to require the presence of a foliated, halite-plus-muscovite microstructure as well as conditions favourable for pressure solution of the halite. As for halite-kaolinite gouges (Bos et al., 2000a) , we infer that the mechanism of deformation in the low velocity regime must be one of frictional sliding on/in the anastomosing muscovite foliae, with accommodation of ensuing geometric misfits by pressure solution of the intervening halite.
One important feature of our results for the halite-muscovite gouges, seen at velocities below those investigated by Bos et al (2000a, i.e. below 0.03 μm/s), is a clear change in the sensitivity of steady state strength to sliding velocity. At the lowest velocities reached, our data show strengths slightly below that of pure muscovite, with almost no dependence on sliding velocity (Figures 4.7b and 4.12) . This decrease in the sensitivity of steady state strength to velocity towards very low sliding velocities was not observed by Bos et al (2000a Bos et al ( , 2002b , but is predicted by their microphysical model for pressure solutionaccommodated slip in a foliated fault rock. The Bos-Spiers model predicts rate-independent sliding behaviour at the lowest velocities (Regime 1). Here, pressure solution accommodation is predicted to be so easy that frictional sliding on the foliation controls the strength. As the sliding velocity increases, however, pressure solution accommodation begins to contribute to the bulk strength leading to truly frictional-viscous behaviour (Regime 2). The present results therefore seem to confirm the validity of regimes 1 and 2 of the Bos-Spiers model for the lower sliding velocities accessed here.
At velocities of 0.3-1 μm/s our wet halite-muscovite samples show a broad maximum in steady state strength, and at velocities above 1 μm/s wet samples show strong velocity weakening. In this range of velocities, slip weakening and finally stick-slip becomes important (Figure 4.5a) , and the samples are characterized by a structureless microstructure, rather than a foliated one, resembling that of a cataclasite (Figures 4.10c  and 4.10d) . At sliding velocities above ~1 μm/s the steady state strength of the samples remains linearly related to normal stress, but the coefficient of friction (μ = τ/σ n ) decreases with increasing sliding velocity.
The data presented by Bos et al (2000a Bos et al ( , 2002b for wet halite-kaolinite gouges at velocities of 0.3-10 μm/s are significantly different from ours in that they show an increase in strength to a more or less constant value at 1-10 μm/s with no significant velocity weakening (Figure 4 .12). This strength plateau was interpreted by Bos et al (2000a Bos et al ( , 2002b to correspond to the onset of dilatational processes within the gouge, as slip on the anastomosing foliation becomes too fast to be accommodated by pressure solution in the halite. Such behaviour is described by Regime 3 of the Bos-Spiers model. It seems reasonable to suppose that at sufficiently high velocities, deformation of the gouge will indeed occur by a cataclastic process, involving disruption of any foliation produced during the dry run-in or earlier slow wet sliding, grain rotation, grain sliding and microfracturing. That such processes operated in our experiments is also supported by our microstructural observations that show a chaotic microstructure at the highest sliding velocity. However, purely cataclastic deformation is not expected to show a rate-dependence, whereas we found a very strong, inverse dependence of steady state shear strength on velocity (Figure 4.7b ). This could be explained by severe grain size reduction in the halite, enhancing pressure solution rates and making it again possible for pressure solution to operate at a significant rate, accomodating slip at geometric obstacles. However, since the velocity weakening behaviour that we observed is reversible with velocity stepping direction, we believe that this is not likely. Another possible explanation is that deformation becomes localized in weak zones in the gouge at high velocities. However, we found little microstructural evidence for Y-shears or other signs of localised deformation in the high velocity samples examined (though one sample did show stick-slip which is suggestive of localisation). Clearly, more data are required to explain this velocity weakening effect. We will adress this in a future paper incorporating the results of slide-hold-slide experiments in this regime.
Revised model for frictional-viscous flow of foliated fault rock
Viscous-dilatational coupling
We have argued above that the Bos-Spiers model for Regimes 1 and 2 is consistent with the behaviour seen at low velocities in our experiments (<0.3 μm/s). The original model is based on the foliated steady-state microstructure shown in Figure 4 .2, and on the mechanical analogue diagram of Figure 4. 2c. An expression for the resistance to steady state slip on phyllosilicate foliae, was proposed by Bos and Spiers (2002b) , with pressure solution accommodation at low rates and dilatation at high rates:
where τ is the total shear stress supported by the shear zone, τ gb is the frictional shear stress generated by sliding on/within the phyllosilicate foliae, τ ps is the shear stress offered by pressure solution (dissolution, diffusion and precipitation) of the intervening soluble grains, and τ dil is the shear stress contribution due to dilatational accommodation of slip on the foliation (modelled as work against the normal stress).
The bracketed term
, on the right of the equation, is an approximation for the stress (τ u ) supported by the upper branch in the mechanical analogue diagram of Figure 4 .2c. This approximation, τ u ≈ τ, was employed by Bos and Spiers (2002b) to smooth out the abrupt transition from a pressure solution controlled strength of the upper branch of τ u ≈ τ gb when τ ps ≈ τ dil (Regime 2), to a dilatation controlled strength at the limiting value of τ u = τ dil when τ ps ≥ τ dil (regime 3). The approximation is accurate for τ ps >> τ dil and for τ dil >> τ ps , but is physically unfounded and inaccurate by a factor of 2 when τ ps = τ dil , since at this point τ = τ dil / 2 whereas τ u = τ dil . The transition from pressure solution-controlled strength (τ u = τ ps ) to dilatation controlled strength at the limiting value of τ u = τ dil , in the region τ ps ≥ τ dil , is better described by re-defining the bracketed term in equation (4.2). Then, our model for frictional-viscous flow now takes the form
For large values of the exponent n (e.g.. n=20), this equation faithfully reproduces the sharp transition from pressure solution to dilatation controlled strength, while still allowing the strength behaviour of the system to be represented using a simple continuous function (equation 4.3).
In Figure 4 .13, we plot equation (4.3) as a function of sliding velocity for n-values of 1 (which is equivalent to the original model of Bos and Spiers, 2002b as described by equation (4.2)) and 20, and we compare the results with our experimental data on strength versus velocity for samples deformed at velocities below 1 μm/s (i.e. those showing a foliation). In plotting equation (4.3), we used parameter values to describe pressure solution in halite taken from Spiers et al. (1990) . The grain size of the intervening halite grains was taken to be 30 μm on the basis of our microstructural observations (Figure 4.10) . For the coefficient of frictional sliding on the phyllosilicate foliation we took a value of 0.31 obtained for pure muscovite plus brine from our own tests. Based on our microstructural observations, we took a value of 25° for the angle of dilatation. Increasing the value of n from 1 to 20 clearly demonstrates the much sharper change from Regime 2 (pressure solution dominated) to Regime 3 (dilatation dominated). The revised model with n=20 fits the experimental data at the lowest and highest velocities, but at intermediate velocities (0.02-0.2 μm/s) the revised model (n=20) predicts higher values for the steady state shear strength, and a sharper increase in strength than we observed. However, the model is derived for a single-valued grain size of the soluble phase (Bos and Spiers, 2002b) . Incorporating a grain size distribution into the revised model, requires solving equation (4.3) for each incremental grain size class and volume-averaging their stress contributions accordingly. Assuming a homogeneous deformation rate in the soluble phase, this can be done numerically following the method described by Freeman and Ferguson (1981) and Ter Heege et al. (2004) .We performed such a calculation, taking n=20, for a population of 1000 grains, randomly generated via a log-normal distribution, consistent with that seen in samples Mus5 and Mus23. The result of this simulation is compared with our single-valued grain size calculation (n=20) and experimental data in Figure 4 .13. The distributed grain size leads to a smoother transition between regime 2 and regime 3, bringing the model and experimental data into good agreement over the entire range of velocities below ~1 μm/s. We accordingly infer that the discrepancy between our revised model (n=20), for a singlevalued grain size, and our experimental data may indeed be due to the effects of the distributed grain size of our samples. The implication is that our revised model applied for a single-valued grain size offers a realistic prediction of steady state frictional-viscous behaviour of foliated fault gouge, but that the predicted transition from Regime 2 to Regime 3 is too sharp. The excellent fit of the original Bos-Spiers model (equation 4.2, or 4.3 with n=1) to data obtained in Regime 2 at velocities of 0.02-0.2 μm/s (Figure 4 .13) may thus have been largely fortuitous. 
Incorporation of phyllosilicate plasticity
To apply our re-formulated microphysical model (equation 4.3, n=20) to faults cutting the middle and lower crust, we need to include the possibility of plastic flow in the phyllosilicate foliae, operating concurrently with frictional slip. This can easily be incorporated in the model using the following equation describing the mechanical analogue diagram of Figure 4 .14:
Here τ gb , τ ps , τ dil and n are the same as in equation (4.3), τ pl is the shear strength contribution offered by plastic flow in the phyllosilicate foliae and m (=20) is an exponent, like n, that allows for a sharp, but continuous transition from frictional slip to plastic flow in the foliation. To our knowledge, the only phyllosilicates for which a flow equation has been determined are biotite single crystals (Kronenberg et al., 1990) , 75 wt% biotite schist (Shea and Kronenberg, 1992) and muscovite single crystals (Mares and Kronenberg, 1993) . As there are large uncertainties in the flow behaviour determined for muscovite (Mares and Kronenberg, 1993 ) and since our model is concerned with plastic flow in pure phyllosilicate foliae, we used the following equation determined for compressive deformation of biotite at 45° to (001) ε is the axial strain rate (s -1 ), σ d is the applied differential stress (σ 1 −σ 3 ) , ,
T is the absolute temperature, R is the gas constant, Q is an apparent activation energy and C and α are empirical constants. Rearranging equation (4.5) and converting it for simple shear by dislocation slip on (001) leads to the relation 1 2
Note that the shear strain rate, pl γ , in this equation is the shear strain rate within the phyllosilicate foliae, defined as
where γ is the bulk shear strain rate of the gouge and R is ratio of the thickness of the phyllosilicate foliae to the total gouge thickness.
Given appropriate constitutive parameters allowing computation of τ gb , τ pl , τ ps and τ dil , equation (4.4) allows the steady state strength of a foliated quartz-mica or other similar fault rock to be modelled for deformation by plastic and/or frictional slip on the anastomosing phyllosilicate foliation, with accommodation by pressure solution of the intervening mineral phase or by dilatation. From inspection of Figure 4 .14 and the new model embodied by equation (4.4), it is evident that the model predicts four possible regimes of frictional and/or viscous behaviour with increasing strain rate, in which strength is controlled respectively by A) plastic flow in the phyllosilicate foliae, B) frictional slip in the phyllosilicate foliae, C) pressure solution of the soluble mineral phase and D) dilatational cataclasis. We will refer to these as Regimes A-D hereforth. Note that the model addresses steady state velocity strengthening behaviour only, and does not include velocity weakening behaviour of the type seen in our experiments at rapid sliding velocities where cataclastic flow destroys the foliation seen at low velocities.
Strength profiles for phyllosilicate-bearing mature crustal fault zones
Model application and predictions
We now construct crustal fault strength profiles using equation (4.4) and the appropriate constitutive equations for each process involved, assuming a foliated quartzmica fault rock. Following Bos and Spiers (2002b), we apply the revised model to four different tectonic settings: (1) a transcrustal strike-slip fault zone (such as the San Andreas fault zone), (2) a normal fault zone accommodating crustal extension, (3) a thrust fault zone deforming under high pressure, low temperature conditions typical of a subduction setting, and (4) a thrust fault zone deforming under intermediate conditions typical of continentcontinent collision zones. The geothermal gradients used in these models are 25 °C/km, 35 °C/km, 15 °C/km and 25 °C/km, respectively. Crustal density is taken to be 2.75 g/cm 3 and pore pressure is assumed hydrostatic at all depths. At upper crustal levels, we will assume pure frictional behaviour with an average friction coefficient of 0.75 (Byerlee, 1978) . The minimum shear stress to activate frictional sliding is given by where σ 1 -σ 3 is the minimum differential stress to activate sliding, which is different for each tectonic setting (Sibson, 1977; see also Bos and Spiers, 2002b) . Turning to the constitutive behaviour of the fault rock (equation 4.3), for frictional sliding in/on the phyllosilicate foliae (τ gb =μσ n ), we used the friction coefficient (μ) of muscovite as determined in this study, which is similar to that determined for biotite by Kronenberg et al. (1990) . For the plasticity of the phyllosilicate at stress τ pl we used equation (4.6) and the parameter values for single crystal biotite given by Kronenberg et al. (1990) . We took the ratio R of equation (4.6) as 0.1. Though Bos and Spiers (2002b) used a diffusion-controlled pressure solution equation for quartz in their study, recent data suggest that interface reaction is likely to be rate limiting in quartz (Renard et al., 1997; Renard et al., 1999; Renard et al., 2000b; Renard et al., 2001; Niemeijer and Spiers, 2002; Niemeijer et al., 2002; Alcantar et al., 2003 and Chapters 2 and 3). We therefore took dissolution/precipitation as the rate controlling process in our calculation of τ ps in equation (4.4) Here A is a constant reflecting the proportion of grain contacts actively dissolving at any instant of time (taken as 1), B is the grain aspect ratio (taken as 5), d is the grain size (taken as 50 μm), Ω s is the molar volume of quartz and k s,p is the phenomenological rate coefficient for dissolution (subscript s) or precipitation (p). We used an empirical equation for k s as a function of temperature determined by Rimstidt and Barnes (1980) . To describe crystal plastic flow at greater depth we use the creep equation for wet quartz of Luan and Paterson (1992) , rewritten for the case of simple shear. In Figure 4 .15, we show crustal strength profiles resulting from equation (4.3) for the four different tectonic regimes. The profiles have been constructed using strain rates of 10 -10 and 10 -12 s -1 , equivalent to a fault zone of 10 to 1000 meters wide sliding at 30 mm per year. These rates were chosen by reasoning that the narrow, upper-crustal portions of major faults experience higher average strain rates (e.g.. 10 -10 s -1 ) than the broader mid-crustal reaches (e.g.. 10 -12 s -1 ; Sibson, 1977; Bos and Spiers, 2002b) . Note in Figure 4 .15 that Byerlee's law plus the dislocation creep equation used for pure wet quartz for the strain rates shown (shaded lines), together represent a "classical" two-mechanism crustal strength profile, with the brittle-ductile transition located at depths of 8-15 km and peak crustal strengths at these depths of 50-200 MPa. By contrast, our model for foliated (i.e. highstrain) phyllosilicate-bearing fault zones predicts a significant truncation of the brittleductile transition in all tectonic regimes, reducing the peak crustal strengths to values between 15 and 90 MPa and reducing mid-crustal load-bearing capacity by 50-70%. For a fault zone in a strike-slip setting with a geothermal gradient of 25 °C/km, such as the San Andreas Fault, the peak strength of 30 MPa predicted by our frictional-viscous model occurs at the fully ductile transition from Regime B (frictional sliding with pressure solution accommodation) to dislocation creep of quartz at a depth of ~14 km, assuming a strain rate there of 10 -12 s -1 due to widening of the shear zone with depth (Sibson, 1977) . The predicted brittle-ductile transition (i.e. the transition from cataclastic Regime D to Regime C in our model), which is much sharper than given by the earlier model of Bos and Spiers (2002b) , occurs at a depth of ~3.5 km and has a peak strength of ~20 MPa. This marks the predicted transition from seismic to aseismic slip, since the deformation behaviour below this depth is dominated by velocity-strengthening viscous processes (Regimes A-C). Note however that the brittle-ductile transition is likely to be less sharp than predicted, due to the effects of distributed grain sizes, as discussed earlier.
The extension of our model to incorporate the possibility of plastic flow of the phyllosilicates does not significantly modify the predicted crustal strength profiles compared with the earlier work of Bos and Spiers (2002b) . The only tectonic regime where this has a clear effect is the high pressure, low temperature (subduction) setting (Figure 4.15c) . Here, the inclusion of the plasticity of biotite reduces the predicted peak strength at the transition to homogeneous plastic flow of wet quartz from ~120 MPa to ~90 MPa. It should be noted, however, that the experimental flow law for biotite (Kronenberg et al., 1990) is less well constrained than experimental flow laws for quartz. Clearly, more data are needed on plastic flow in phyllosilicates to evaluate their role in determining the rheology of foliated fault rock.
Pressure solution controlled slip on the foliation in high-strain phyllosilicatebearing fault zones (Regime C behaviour) is relatively unimportant in our predicted strength profiles. The zone where crustal strength is dominated by pressure solution is relatively narrow (~2-5 km). We have to bear in mind, however, that the parameters describing pressure solution are relatively poorly constrained (e.g. see Renard et al., 2000a, see also Chapters 2 and 3; Bos and Spiers, 2002b; Niemeijer and Spiers, 2002; Niemeijer et al., 2002 , see also Chapters 2 and 3) and that the use of different estimates for reaction control can result in differences in the predicted strength τ ps of perhaps 1 order of magnitude. In addition, variations in grain size (< 50 μm) and/or strain rate will influence the depth range over which fault slip is controlled by pressure solution processes. 
Further considerations and implications
Our improved microphysical model for frictional-viscous flow of high-strain (mature) phyllosilicate-bearing fault zones, predicts significant weakening compared to "classical" two-mechanism strength profiles. While the predicted brittle-ductile transition and the transition to quartz plasticity are presumably too sharp, the predicted average shear strength is roughly consistent with the low values for the San Andreas Fault inferred from heat flow measurements (Lachenbruch and Sass, 1980) and stress orientation data (Zoback, 2000; Townend and Zoback, 2001) . Moreover, the predicted brittle-ductile transition depth of 3-5 km is consistent with the conclusion drawn from recent field studies of phyllosilicate-bearing mylonite zones, that progressive localization of deformation into such zones leads to a shallowing of the brittle-ductile transition from 10-15 km to ~5 km (Imber et al., 1997; Stewart et al., 2000) . We are suggesting, therefore, that localization of continental fault zones may involve progressive weakening from the intact two-mechanism strength profile down to one described by our model, as the core of the fault zone is gradually converted into (overprinted by) a foliated, phyllosilicate-bearing mylonite at depths of 5-15 km and into a cataclastic equivalent at shallower levels. This does not exclude other mechanisms of fault zone weakening, such as fluid overpressuring effects (Hickman et al., 1995; Rutter et al., 2001) , but it does seem consistent with field observations, at least on long-lived reactivated fault zones and in natural low angle normal faults (Imber et al., 1997; Stewart et al., 2000; Holdsworth et al., 2001; Collettini and Holdsworth, 2004; Jefferies et al., 2006, in press) .
Despite this consistency with field observations, our predicted strength profiles display one major inconsistency with seismological observations on the depth distribution of seismicity on mature faults (e.g. Scholz, 2002) . Our steady state model would suggest that crustal seismogenesis should be limited to the upper 5 km with frictional-viscous flow precluding seismicity at greater depths, whereas the observed distribution of seismicity typically extends to depths of 10-15 km (Sibson, 1977; Scholz, 2002) . This problem requires detailed examination. We suggest, however, that the discrepancy lies in the complex anastomosing internal structure and compositional heterogeneity of (mature) fault zones. This complexity will inevitably lead to the development of internal stress concentrations around geometric irregularities or "rigid" lenses of more intact or stronger rock, as fault motion proceeds, producing local brittle failure. A mature fault zone, consisting of an anastomosing three dimensional network of weak, aseismically creeping mylonitic/phyllonitic strands with intervening strong lenses and by locked portions of widely varying length scale, would accordingly produce seismic events of varying magnitude and depth right down to the classical brittle-ductile transition (Holdsworth, 2004) . Finally, note that the seismicity observed along active weak low angle normal faults has been related to hydrofracturing (Collettini and Barchi, 2004; Collettini and Holdsworth, 2004; Collettini et al., 2005) A similar argument has recently been put forward by Faulkner et al. (2003) who studied the Carboneras fault in southeastern Spain. This ancient, large displacement (>40 km) strike-slip fault is approximately 1 km wide and is composed of continuous strands of phyllosilicate-rich fault gouge that bound lenses of variably broken-up protolith. The gouge strands are no wider than 5 metres and link up to form an anastomosing network with a width of ~1 km. Faulkner et al. (2003) suggest that these strands which are capable of accomodating large amounts of strain through aseismic creep, while the intervening lenses of (more or less) intact protolith are the possible sites of stress build-up and of large seismic moment earthquakes. Notably, several geophysical observations (see Faulkner et al., 2003 and references therein) suggest that the San Andreas fault zone around Parkfield with creeping and "locked" segments has a similar anastomosing fault structure at depth.
Conclusions
Room temperature rotary shear experiments have been performed on simulated fault gouge consisting of halite-muscovite mixtures at sliding velocities of 0.001-13 μm/s and normal stresses of 1-9 MPa. The aim was to test the model for steady-state frictionalviscous flow of foliated phyllosilicate-bearing fault rock developed by Bos and Spiers (2002b) , over a wide range of sliding velocities and using a realistic phyllosilicate grain size. A unnecessary and physically unrealistic approximation in the model has been removed and the model has been extended to include the possibility of plastic flow in the phyllosilicates. The revised model was then applied to construct strength profiles for mature phyllosilicate-bearing continental fault zones. The following conclusions can be drawn:
1. At sliding velocities of <~0.5 μm/s, halite-muscovite mixtures develop an anastomosing muscovite foliation and deform by a combination of frictional sliding in/on the muscovite foliation with accommodation by pressure solution of the intervening halite grains. The general behaviour is similar to that of halite-kaolinite mixtures implying that the grain size and type of phyllosilicate has little effect on the sliding behaviour. 2. At low velocities (<0.5 μm/s), our revised model describes the observed behaviour well, assuming frictional behaviour in the phyllosilicate foliation only. At the lowest velocities, the strength of the synthetic fault gouge is purely frictional and consistent with purely frictional sliding in/on the foliation. This confirms the predictions of our model at velocities that had not been explored previously. 3. At velocities higher than 0.5 μm/s, a gradual transition to velocity-weakening behaviour and cataclastic microstructures was observed in our halite-muscovite samples, whereas halite-kaolinite samples show constant strength. A transition to dilatational/cataclastic flow at constant shear stress is predicted by our model, but the velocity-weakening we observed is not. More research is necessary to determine the operative deformation mechanisms and to evaluate the possible implications of such behaviour for seismogenesis.
4. Extending our model to foliated, phyllosilicate-bearing quartz-mica fault rocks in mature continental fault zones predicts a significant truncation of classical twomechanism crustal strength profiles as well as a strength reduction of the upper crust of 50-70%. The strength-depth profiles predicted by our model suggest that frictional slip and plastic deformation on and within the phyllosilicate foliation will be the main factors controlling the strength of phyllosilicate-bearing fault rocks. While pressure solution is important in accommodating this process, it may be relatively unimportant in controlling strength. Flow laws for phyllosilicates need to be better constrained for future modelling. 5. Our revised model predicts the possibility of seismogenic slip on continental phyllosilicate-bearing fault to a depth of only 3-5 km, whereas seismicity is observed to depths of 5-15 km. We suggest that in such faults, seismicity in this depth range may be triggered at geometric irregularities or at "rigid" lenses of intact or stronger rock within the anastomosing internal structure of the heterogeneous fault zone.
